C
hildren younger than 2 years of age possess the capacity to reossify large calvarial defects, whereas adults have been shown to lack this endogenous tissue engineering capacity. 1 Similar observations have been noted in multiple animal models, including mice. 2 The components theorized to contribute to calvarial healing include the calvarial bony fronts, dura mater, and pericranium. New bone formation in defects of juvenile animals has been shown to occur in the form of both islands and peninsulas extending from the bony fronts. [2] [3] [4] These patterns suggest both the dura mater and bony fronts to actively participate in deposition of a mineralized regenerate.
The dura mater, particularly juvenile dura mater, has been shown to be critical for calvarial reossification. 5, 6 Using infant guinea pigs, bone regeneration of calvarial defects was found to occur only in the presence of infant dura mater. 6 Analogous findings have been demonstrated in the murine model, with studies showing juvenile dura mater to be capable of not only promoting ectopic bone formation but also repairing critical-sized defects in adult rats. 7, 8 Juvenile dura mater itself has also been shown to possess os-teogenic elements, as the interposition of impermeable membranes between dura mater and overlying parietal defects resulted in bone formation on the dural side of the barrier. 9 Studies such as these have revealed a distinct boneforming capacity for juvenile dura mater, a capacity that is inauspiciously lost with advancing age.
Few in-depth studies have been performed examining the biomolecular differences between immature and mature dura mater. Greenwald and colleagues have illustrated a distinct difference in the biology of dural cells, with juvenile dural cells showing greater alkaline phosphatase activity and osteocalcin mRNA than cells from adults. 10, 11 In addition, using a candidate gene approach, transforming growth factor ␤-1 (TGF␤-1) and TGF␤-3, fibroblast growth factor (FGF)-2, osteocalcin, and collagen type I have all been shown to be up-regulated in immature dura mater relative to dural tissue obtained from adults. 10, 11 Limitations in these approaches, however, have restricted the breadth of investigation necessary to fully define the multitude of differences in gene transcription present. In contrast, microarray analysis represents a more detailed, effective approach, enabling concurrent examination of thousands of genes and their levels of expression. By simultaneously hybridizing two differentially labeled cDNA samples onto one chip in a competitive manner, the relative presence of transcripts can be efficiently determined. Such an approach has already been used to examine differences in gene expression between posterior frontal and sagittal sutures and also non-suture-associated parietal bone in mice. 12, 13 These studies highlight the ability of microarray to not only identify expression patterns for genes already known to be involved in bone formation but also to elucidate novel candidates for further examination.
As juvenile dural mater has been shown to be clearly more osteoinductive and osteogenic than adult dura mater, a more complete picture of the biology would undoubtedly assist in reconciling the observed successful reossification in immature animals and fibrous nonunion observed in mature calvarial defects. In this study, we therefore investigated the differences in gene expression between snap-frozen juvenile and adult dura mater using microarray technology. Insight into the genomic milieu differentiating the juvenile dura mater from adult dura mater could thus lead to improved designs in cell-based therapies for engineering of new bone.
MATERIALS AND METHODS

Animals
All experiments were performed in accordance with Stanford University Animal Care and Use Committee guidelines. Six-day-old skeletally immature and 60-day-old skeletally mature adult male CD-1 mice were purchased from Charles River Laboratories, Inc. (Wilmington, Mass.). Animals were housed in a light-and temperaturecontrolled environment and given food and water ad libitum.
Calvarial Harvest and RNA Extraction for Microarray
Six-day-old (n ϭ 50) and 60-day-old (n ϭ 35) male animals were killed by means of exposure to hyperbaric carbon dioxide. The calvaria (with attached dura mater) were first harvested en bloc. A disk of non-suture-associated parietal bone with underlying dura mater was dissected out (adult, 3.2-mm-diameter disk; juvenile, 2.5-mm-diameter disk). The dura mater underlying the disk was then separated from the overlying bone with the assistance of a dissecting microscope (Fig. 1,  above) . Pooled samples of dura mater were snapfrozen in liquid nitrogen in preparation for RNA extraction Fig. 1, below) . Samples for each age were homogenized in 5 ml of Trizol reagent (Invitrogen, Carlsbad, Calif.) using the Polytron 1200C tissue homogenizer (Kinimatica, Switzerland), and RNA was isolated using phenol and 2-propanol extraction.
Amplification of Juvenile and Adult Dura Mater
Both juvenile and adult dura mater RNA samples were amplified using Ambion's MessageAmp aRNA Kit (Austin, Texas). Briefly, harvested RNA was used to generate first-strand cDNA by incubation with T7 Oligo(dT) primer and reverse transcriptase. DNA polymerase was then used to synthesize second-strand cDNA. Filter cartridge centrifugation was used to purify the cDNA, and unlabeled amplified RNA was created from the double-stranded cDNA template through in vitro transcription. Finally, amplified RNA was purified using filter cartridge centrifugation (Qiagen, Valencia, Calif.) and eluted with nuclease-free water. Purity and consistency of amplified RNA samples was confirmed by spectrophotometric measurement.
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Labeled cDNA Probe Preparation and Hybridization
Two micrograms of amplified RNA from juvenile and adult dura mater was used to synthesize the fluorescent-labeled cDNA probes before hybridization to the microarrays. Fluorescent-labeled nucleotide analogues Cy3-dUTP and Cy5-dUTP were obtained from Amersham (Piscataway, N.J.). The amplified RNA from juvenile dura mater was used to make cDNA labeled with Cy5-dUTP and cDNA from adult dura mater was labeled with Cy3-dUTP. Briefly, Cy3-dUTP or Cy5-dUTP was incorporated during reverse transcription using oligo(dT) primers for amplified RNA samples. A master mix consisting of 200 U of Superscript II (Gibco-BRL, Boston, Mass.), buffer, dNTPs, and fluorescent nucleotides was added to the RNA. The final concentration of dATP, dCTP, and dGTP was 500 M and the final concentration of dTTP was 200 M. Cy3-dUTP and Cy5-dUTP were used at a final concentration of 100 M. The reaction was incubated at 42°C for 2 hours. One hour into the incubation, an additional 1 l of Superscript II was added and the incubation continued. Unincorporated fluorescent nucleotides were removed by diluting the reaction mixture with 470 l of 10 mM Tris-HCL (pH 8.0)/1 mM ethylenediaminetetraacetic acid. The mixture was concentrated to approximately 20 l using centricon-30 microconcentrators (Amicon, Bedford, Mass.).
Probe hybridization was performed on Mus musculus cDNA large-scale microarrays. The experiment was performed in duplicate on a second chip for confirmation. Creation and printing of the 42,000 unique cDNA elements to each slide was performed by the Stanford Functional Genomics Facility as previously described. 13 A mixture of 10 g of yeast tRNA (Invitrogen), 10 g of polydeoxyadenylic acid (Sigma-Aldrich, St. Louis, Mo.), and 20 g of human CoT1 DNA (Gibco-BRL) in a solution containing 3ϫ saline sodium citrate and 0.3% sodium dodecyl sulfate with labeled probes was aliquoted onto the microarray surface and covered with a glass coverslip. The array was subsequently transferred to a hybridization chamber (GeneMachine, San Carlos, Calif.) and incubated for 18 hours at 65°C to allow for competitive binding of fluorescently labeled juvenile and adult dura mater cDNA samples to the chip. After incubation, the array was washed for 5 minutes at room temperature in 2ϫ saline sodium citrate, followed by 0.1ϫ saline sodium citrate, a modification of methods previously described by DeRisi et al. 14, 15 
Scanning Arrays
Arrays were immediately scanned with a computer-controlled stage and microscope objective using a GenePix Scanner (Axon Instruments, Foster City, Calif.). Sequential excitation of the two fluorophores (Cy5 for juvenile dura mater cDNA and Cy3 for adult dura mater cDNA) was accomplished by means of a mixed gas, multiline laser, with levels of Cy3 and Cy5 fluorescence indicating relative amounts of hybridization by the two cDNA samples on each element of the chip. Emitted light was split according to wavelength and detected with two photomultiplier tubes. The final signal produced by the fluorescence of Cy3 and Cy5 was read into a personal computer using a 12-bit analog-to-digital board.
14 Images were Volume 118, Number 4 • Regeneration of Membranous Bone scanned at a resolution of 10 m per pixel. Normalization of the two channels to overall intensity was performed by adjusting the photomultiplier and laser power settings such that the signal ratio at these elements was as close to 1.0 as possible. This minimized potential bias secondary to natural variation in fluorescence between Cy3 and Cy5. Dividing the intensity of each pixel in a binding box on the array by the total number of pixels yielded the average fluorescence intensity.
Analyzing Scanned Array Data
The array images were analyzed by GenePix Pro version 4.0 (Axon Instruments) and imported to the Stanford Microarray Database for further comparison and interpretation. The regression correlation was set at a value of greater than 0.6 and a mean intensity-to-background intensity ratio greater than 2.5 was used for each channel. This was performed to distinguish true signal from background noise. Further analysis was performed using an 80 percent presence spot filter criterion for each data point to ensure only high-quality signals were incorporated into our analyses. To focus specifically on genes with the most dramatic change, only elements demonstrating greater than a 4-fold change were subsequently examined.
Quantitative Real-Time Reverse-Transcriptase Polymerase Chain Reaction Confirmation of Array Findings
From a pooled sample of RNA, reverse transcription was performed followed by quantitative real-time reverse-transcriptase polymerase chain reaction of selected genes. This enabled validation of differential expression patterns identified by microarray. Briefly, quantitative real-time reversetranscriptase polymerase chain reaction was performed by means of a two-step, multiplexed, Taqman 5= to 3= exonuclease assay according to the "relative standards" method as described by Mathy et al. 16 Each cDNA sample was evaluated for bone morphogenetic protein (BMP)-2, BMP-4, and BMP-7; osteopontin (OP), osteocalcin (OC), and FGFR-1 transcripts, with normalization to glyceraldehyde 3-phosphate dehydrogenase control. Each polymerase chain reaction was run in triplicate on 384-well plates and analyzed using the ABI Prism 7900HT Sequence Detection System from Applied Biosystems (Foster City, Calif.). Negative (no cDNA) controls were also run for each primer on the 384-well plate. Use of relative standards allowed determination of relative changes in transcript prevalence. Each standard consisted of a pooled cDNA stepwise dilution ranging from 1 to 1/64th of total cDNA loaded for the experimental sample.
Data analysis was performed through definition of threshold cycles for each known and unknown sample. Threshold cycles were correlated with transcript expression levels by means of the standard dilution series. Mean and SD were calculated for each set. An unpaired t test was used to compare mean expression values for each gene between juvenile and adult dura mater. A value of p Ͻ 0.05 was considered statistically significant.
Tartrate-Resistant Acid Phosphatase Staining
Tartrate-resistant acid phosphatase staining was performed using an acid phosphatase leukocyte kit (Sigma-Aldrich) according to the manufacturer's protocol. Calvariae were harvested and fixed in formalin for 24 hours before whole-mount tartrate-resistant acid phosphatase staining. Calvariae were also harvested and fixed in 4% paraformaldehyde for 24 hours before embedding them in optimum cutting temperature compound. Ten-micron-thick sections were cut and incubated for 1 hour at 37°C in water containing diazotized fast garnet GBC base solution, naphthol AS-BI phosphate, sodium nitrate, acetate, and tartrate solution. Sections were then imaged and photomicrographs were taken using a Zeiss AxioPlan microscope (Carl Zeiss MicroImaging Thornwood, N.Y.).
RESULTS
Dura Mater Array Results
Of the over 42,000 cDNA elements on the mouse microarray, 219 loci had a greater than 4.0-fold difference in expression between juvenile and adult dura mater, 93 of which demonstrated greater expression in the juvenile dura mater Fig.  2 ). Microarray findings for the 25 most differentially up-regulated transcripts in the juvenile dura mater are summarized in Table 1 , as are select bone-related genes. 12, 13 Relative to adult dura mater, expression of several extracellular matrix proteins, markers of osteoblast differentiation, growth factors, and markers of osteoclasts were found to be significantly elevated in the juvenile dura mater.
BMP-2 was found to be up-regulated in the juvenile dura mater (3.6-fold). As bone morphogenetic proteins have been shown to increase Runx2/Cbfa1 expression in osteoblasts, expression of this early transcription factor was also observed to be up-regulated 8.3-fold in the juvenile dura Plastic and Reconstructive Surgery • September 15, 2006 mater when compared with adult samples. 17, 18 Other markers of osteogenic differentiation that were found to be differentially expressed in the juvenile dura mater included FGFR-1 (3.6-fold increase), integral membrane protein 2a (Itm2a) (17.1-fold), and OP (9.1-fold increase). Interestingly, OC, a terminal marker of osteoblast differentiation, was noted to be expressed at equivalent levels in both the juvenile and adult samples.
Among genes with the greatest increase in expression for juvenile compared with adult dura mater, several extracellular matrix proteins including Col3a1 (11.8-fold), Col5a1 (8.1-fold), Col6a1 (11.2-fold), and fibronectin 1 (Fn1) (11.7-fold) were noted. Other potent growth factors were also found to be up-regulated in the juvenile dura mater including the extracellular matrixassociated growth/differentiation factor pleiotrophin (Ptn) (13.8-fold). The multiple candidate gene neurotrophic tyrosine kinase receptor type 2 (Ntrk2) was also noted to be increased 23.8-fold. Finally, three genes among those with greatest up-regulation in juvenile dura mater when compared with adult included tartrate-resistant acid phosphatase (Acp5) (24.1-fold), matrix metalloproteinase 9 (MMP9) (19.7-fold), and cathepsin K (Ctsk) (16.2-fold). Interestingly, all three of these genes are markers for osteoclast activity.
Of the 126 genes differentially expressed in the adult dura mater, only two have been reported to affect bone formation. 19 -21 Transcripts for transforming growth factor-␣ (TGF-␣) were found to be 4.6-fold higher in the adult dura mater relative to the juvenile samples. Angiotensin converting enzyme (ACE) was also found to be 6.4-fold higher in the adult (Table 1) .
Quantitative Real-Time Polymerase Chain Reaction Confirmation
We performed quantitative real-time reversetranscriptase polymerase chain reaction for select genes of interest to provide validation for transcript expression patterns noted in our microarray results. Transcript levels were normalized to glyceraldehyde 3-phosphate dehydrogenase and then expressed relative to adult dura mater. As demonstrated in Table 2 , quantitative real-time reverse-transcriptase polymerase chain reaction verified a similar pattern of expression for BMP-2 (1.4-fold increase; p Ͻ 0.05). BMP-4 and BMP-7 expression by quantitative real-time reverse-transcriptase polymerase chain reaction was found to be 0.5-fold and 0.4-fold in the juvenile dura mater and adult dura mater, respectively. Similarly, microarray expression of osteoblast differentiation markers OP (12.5-fold increase; p Ͻ 0.05), OC (1.1-fold increase), and FGFR-1 (3.2-fold increase; p Ͻ 0.05) was confirmed by quantitative real-time reverse-transcriptase polymerase chain reaction. Interestingly, from an overall perspective, our quantitative real-time reverse-transcriptase polymerase chain reaction data validated our microarray results.
Tartrate-Resistant Acid Phosphatase Staining
As our microarray data demonstrated dramatic up-regulation of osteoclast markers in juvenile dura mater relative to adult dura mater, we performed both whole-mount and histologic analysis for tartrate-resistant acid phosphatase activity. Tartrate-resistant acid phosphatase staining, an enzymatic assay for tartrate-resistant acid phosphatase in osteoclasts, revealed dramatically more activity within juvenile calvaria; only minimal tartrate-resistant acid phosphatase staining was observed in adult calvaria (Fig. 3, left) . This finding Volume 118, Number 4 • Regeneration of Membranous Bone was confirmed on histologic sectioning, with tartrate-resistant acid phosphatase staining localized primarily to juvenile dura mater. (Fig. 3 , above, right) In marked contrast, no staining was noted in either adult bone or in the underlying dura mater (Fig. 3, below, right) .
DISCUSSION
The ability of children younger than 2 years of age to reossify large calvarial defects has been widely observed, but the basis for this capacity and why it is lacking in adults has been poorly understood. Few studies have attempted to elucidate all of the biomolecular mechanisms enabling immature, but not mature, dura mater to induce osteogenesis. Investigations by Greenwald et al. have demonstrated several growth factors and extracellular matrix molecules to be potentially involved in this differential capacity, with expression of TGF␤-1 and TGF␤-3, FGF-2, alkaline phosphatase, and collagen types I and III all found to be increased in juvenile dura mater when compared with adults. 10, 11 Data from these studies provide support for the hypothesis that immature, but not mature dura mater, is capable of elaborating necessary osteogenic growth factors and extracellular matrix molecules for successful osteogenesis.
Direct contribution of dura mater to healing in the overlying bone has also been documented by several investigations. Interposition of either silicone sheeting or polytetrafluoroethylene between dura mater and overlying parietal bone de- *Microarray findings of select genes demonstrating the greatest differentially expressed transcripts in the dura mater. Specific bone-regulated genes of interest were also included. Positive values represent genes up-regulated in the juvenile dura mater relative to the adult and negative values represent genes up-regulated in the adult dura mater relative to the juvenile samples.
Plastic and Reconstructive Surgery • September 15, 2006 fects has been shown to result in dramatic impairment of subsequent healing. 9, 22 Interestingly, histologic studies have demonstrated extrasite bone formation beneath polytetrafluoroethylene membranes, suggesting a cellular contribution by dura mater to the deposition of "bone islands" within the regenerate. 9 Further highlighting this notion, dura mater labeled by 3 H-thymidine was found to contribute directly to the osteoblast population participating in repair of rat calvarial defects. 23 Therefore, in addition to production of pro-osteogenic factors, cells from immature dura mater may also participate directly in the ability of juvenile animals to heal calvarial defects.
Given the increased osteoinductive capacity of immature dura mater along with the presence of likely osteoprogenitor cells contributing to healing of overlying calvarial defects in the young, we have performed a comprehensive examination of gene expression in juvenile mouse dura mater relative to adult dura mater using microarray analysis. Using this approach, several genes were found to be dramatically up-regulated in the juvenile dura mater, including bone morphogenetic proteins, growth factors, extracellular matrix molecules and, most interestingly, markers of osteoclast activity. As the potential exists at multiple steps for the introduction of variability with microarray analyses, quantitative real-time reverse-transcriptase polymerase chain reaction and histologic staining were used to confirm key observations. Interestingly, several findings noted in the dura mater were found to surprisingly mirror prior published reports on differential gene expression between juvenile and adult bone, further highlighting the potential significance of many of these transcripts. 13 Bone morphogenetic proteins have been shown to promote both in vitro and in vivo bone formation. 24 -29 In this study, we have demon- Volume 118, Number 4 • Regeneration of Membranous Bone strated a notable up-regulation of BMP-2 in juvenile dura mater, supporting the notion that immature dura mater is capable of elaborating osteogenic cytokines to promote calvarial healing. In addition, BMP-2 has been demonstrated to promote Runx2/Cbfa1 expression through up-regulation of Dlx5. 18, 30 As a transcription factor essential for osteoblastic differentiation of mesenchymal precursors, absence of Runx2/Cbfa1 has been associated with cleidocranial dysplasia, or incomplete calvarial ossification. 31, 32 Microarray analysis demonstrated a concomitant increase in expression of Runx2/Cbfa1 in juvenile dura mater paralleling the up-regulation of BMP-2 transcripts noted. Interestingly, both Runx2/Cbfa1 and BMP-2 were also found to be up-regulated in juvenile bone relative to adult bone, strongly suggesting these factors to be important in calvarial regeneration of the young. 13 Aside from these notable differences, several other markers of osteoblast differentiation were also up-regulated in juvenile dura mater when compared with their adult counterparts. FGFR-1, one of four fibroblast growth factor receptor isoforms, has been associated with increased differentiation of osteogenic precursors. Expression patterns for FGFR-1 have been correlated with cessation of proliferation and increased bone production. 33 Our data revealed an up-regulation of FGFR-1 transcripts in dura mater obtained from juvenile mice. In addition, Itm2a, a marker gene for chondrogenic and osteoblastic cells in bone formation, and OP, an intermediate marker for osteoblast differentiation, were likewise found to be up-regulated. 34 No difference in expression of OC, a terminal marker for osteoblast differentiation, was noted, though, between juvenile and adult dura mater samples. These data highlight the presence of an increased state of differentiation for osteoprogenitors residing within the juvenile dura mater relative to adult dura mater, mirroring findings already described in cultured dural cells. 10 The data also suggest, however, that no difference in terminally differentiated osteoblasts exists between either sample of dura mater. Similar conclusions have also been drawn when comparing the bone of juvenile and adult mice, with more active early osteoblast differentiation noted within the juvenile calvaria. 13 Among the genes with greatest differential expression, several extracellular matrix proteins were noted. The up-regulation of Col3a1, Col5a1, and Col6a1 transcripts were all observed in juvenile dura mater samples. Interestingly, Col3a1 has also been found to be up-regulated in the rat posterior frontal suture-associated dura mater. 35 As the posterior frontal suture has been shown to fuse in a predictable manner, Col3a1 may thus be important for facilitate osteogenesis in tissue overlying the dura mater. Similar to Col3a1, Col6a1 may promote bone formation and has been shown to be up-regulated by TGF␤-1, assisting in the maintenance of pericellular microenvironments. 36 Fn1 was also noted to be increased in juvenile samples by our microarray analysis. Studies have demonstrated heparin sulfate-binding factors such as fibronectin to contribute to osteoblast development by providing proper mitogenic and differentiative influences to promote osteogenesis. 37, 38 Furthermore, Tang and colleagues have also shown that exogenous application of FGF-2 increases fibronectin production by rat osteoblasts as they deposit bone. 39 Ptn expression was found to be increased in juvenile dura mater by 13.8-fold compared with adult dura mater. Ptn has been demonstrated to have potent effects on osteoblast recruitment, proliferation, and differentiation. 40 Also known as osteoblast specific factor 1, Ptn is expressed during development and fracture healing. 41 Overexpression of Ptn promotes both endochondral and intramembranous bone formation in vivo, with advanced length and early maturation of long bones particularly noted. 40, 42 Increased expression of this growth factor may certainly promote enhanced bone formation observed in juvenile animals. How this gene ultimately controls and coordinates osteoblast differentiation, though, must still be clarified.
Considering the breadth of genes differentially up-regulated in juvenile dura mater relative to adult dura mater, perhaps the most compelling findings on our microarray analysis revolved around markers for osteoclast activity. Acp5 (24.1-fold), MMP9 (19.7-fold), and Ctsk (16.2-fold) represented three transcripts among those with the greatest increase in juvenile samples when compared with adult dura mater. Tartrate-resistant acid phosphatase staining of calvariae also localized osteoclasts primarily to the juvenile dura mater. Bone homeostasis is dependent not only on osteoblastic activity but also on coordinated osteoclastic bone resorption. Administration of FK506 or cyclosporin A has been found to inhibit osteoclast differentiation and result in severe impairment of bone formation, implying some level of osteoclastic activity to be crucial for osteogenesis. 43, 44 Increased expression of osteoclast markers may thus not only suggest increased osteoblast differentiation within juvenile Plastic and Reconstructive Surgery • September 15, 2006 dura mater but may also be reflective of a parallel and perhaps equally crucial process of bone turnover for successful reossification of calvarial defects. This conclusion is further supported by retrospective analyses of prior studies from our own laboratory using microarray analysis to compare juvenile and adult parietal bone transcripts. Although not reported, all three markers of osteoclast activity (Acp5, Ctsk, and MMP9) were also found to be differentially up-regulated in juvenile bone relative to adult bone. 13 Considered together, these data therefore suggest that healing of juvenile calvarial defects may depend on both an increased activity of osteoprogenitors and also, surprisingly, osteoclastic resorption. The relative absence of osteoclasts on histologic staining in adult dura mater and overlying bone perhaps not only reflects the observed failure to heal but also, intriguingly, may play a contributory role.
Although several genes found to be up-regulated in the juvenile dura mater samples have been implicated in osteogenesis, only two of the 126 genes up-regulated in the adult dura mater are known to play a role in bone homeostasis. Transcripts for TGF-␣ were 4.6-fold higher in the adult dura mater when compared with juvenile samples. Although a multitude of functions have been described for TGF-␣, several reports have suggested a role in bone resoprtion. 21, 45, 46 In the setting of metastatic bony invasion, TGF-␣, along with other factors, has been purported to stimulate osteoclast activation. 19 Furthermore, immunoreactivity for TGF-␣ has been noted in the interfacial and synovial membranes of patients following aseptic loosening of total hip arthroplasty, potentially implicating this growth factor in periprosthetic bone resorption. 20 Like TGF-␣, transcripts for ACE were also noted to be 6.4-fold higher in the adult dura mater. ACE catalyzes conversion of angiotensin I to angiotensin II, a potent vasoconstrictor. Aside from this function, however, angiotensin II has also been demonstrated to promote osteoclast-mediated bone resorption when cocultured with calvarial osteoblasts or MC3T3-E1 preosteoblasts. 47 Also, when examining the administration of angiotensin converting enzyme inhibitors in a large cross-sectional study, increased bone mineral density has been reported in the femoral neck, hip, and lumbar spine. 48 The increase in ACE expression noted in adult dura mater samples, therefore, suggests a stimulatory function for osteoclasts in the adult dura mater. However, unlike that observed in the juvenile dura mater, up-regula-
